A precision mass investigation of the neutron-rich titanium isotopes 51−55 Ti was performed at TRIUMF's Ion Trap for Atomic and Nuclear science (TITAN). The range of the measurements covers the N = 32 shell closure and the overall uncertainties of the 52−55 Ti mass values were significantly reduced. Our results confirm the existence of a weak shell effect at N = 32, establishing the abrupt onset of this shell closure. Our data were compared with state-of-the-art ab initio shell model calculations which, despite very successfully describing where the N = 32 shell gap is strong, overpredict its strength and extent in titanium and heavier isotones. These measurements also represent the first scientific results of TITAN using the newly commissioned Multiple-Reflection Time-of-Flight Mass Spectrometer (MR-TOF-MS), substantiated by independent measurements from TITAN's Penning trap mass spectrometer.
A precision mass investigation of the neutron-rich titanium isotopes 51−55 Ti was performed at TRIUMF's Ion Trap for Atomic and Nuclear science (TITAN). The range of the measurements covers the N = 32 shell closure and the overall uncertainties of the 52−55 Ti mass values were significantly reduced. Our results confirm the existence of a weak shell effect at N = 32, establishing the abrupt onset of this shell closure. Our data were compared with state-of-the-art ab initio shell model calculations which, despite very successfully describing where the N = 32 shell gap is strong, overpredict its strength and extent in titanium and heavier isotones. These measurements also represent the first scientific results of TITAN using the newly commissioned Multiple-Reflection Time-of-Flight Mass Spectrometer (MR-TOF-MS), substantiated by independent measurements from TITAN's Penning trap mass spectrometer.
Atomic nuclei are highly complex quantum objects made of protons and neutrons. Despite the arduous efforts needed to disentangle specific effects from their many-body nature, the fine understanding of their structures provides key information to our knowledge of fundamental nuclear forces. One notable quantum behavior of nuclear matter is the formation of shell-like structures for each fermion group [1], as electrons do in atoms. Unlike for atomic shells, however, nuclear shells are known to vanish or move altogether as the number of protons or neutrons in the system changes [2] .
Particular attention has been given to the emergence of strong shell effects among nuclides with 32 neutrons, pictured in a shell model framework as a full valence ν2p 3/2 orbital. Across most of the known nuclear chart, this orbital is energetically close to ν1f 5/2 , which prevents the appearance of shell signatures in energy observables. However, the excitation energies of the lowest 2 + states show a relative, but systematic, local increase [3] below proton number Z = 24. This effect, characteristic of shell closures, has been attributed in shell model calculations to the weakening of attractive proton-neutron interactions between the ν1f 5/2 and π1f 7/2 orbitals as the latter empties, making the neutrons in the former orbital less bound [4, 5] . Ab-initio calculations are also extending their reach over this sector of the nuclear chart, yet no systematic investigation of the N = 32 isotones has been produced so far.
Sudden and locally steep drops in the two-neutron separation energies (S 2n ) are also typical indicators of strong shell effects and are accessible through precision mass spectrometry techniques [6] . Mass studies performed both at TITAN [7] and ISOLTRAP [8, 9] In contrast, the S 2n surface is smooth in this region for 23 V and beyond, indicating that the shell has quenched. In fact, spectroscopic data and theoretical shell model calculations suggest that the ν1f 5/2 and ν2p 1/2 orbitals change their energy order between 23 V and 21 Sc [10] .
The picture at the intermediate 22 Ti chain is unclear; presently available data point towards a modest shell effect, but error bars of hundreds of keV, mostly coming from low-resolution or indirect techniques, are not sufficiently small to reveal detailed information. Besides that, large deviations were observed in the vicinity of Ti after mass measurements were performed using highresolution techniques [3, 7, 11, 12] , and they enormously impact the current understanding of the local shell evolution. Therefore, precise experimental determination of the mass surface around titanium is necessary to finely understand this transitional behavior.
We present a precision mass survey of neutron-rich titanium isotopes from mass numbers A = 51 to 55 performed at TRIUMF's Ion Trap for Atomic and Nuclear science (TITAN) [13] . The measurements probe the N = 32 shell closure and they are the first systematic investigation of its kind on titanium beyond the N = 28 shell closure. These are also the first scientific results from TITAN using the newly commissioned MultipleReflection Time-of-Flight Mass Spectrometer (MR-TOF-MS) [14] . The mass evaluation was also done independently using TITAN's precision Mass measurement PEnning Trap (MPET) [15] .
The neutron-rich titanium isotopes were produced through spallation reactions at TRIUMF's Isotope Separator and ACcelerator (ISAC) [16] facility by impinging a 480 MeV proton beam of 40 µA onto a low-power tantalum target. The isotopes were selectively ionized using TRIUMF's Laser Ionization Source (TRILIS) [17] . The beam was extracted from the target, mass separated at ISAC's high resolution mass separator [18] and delivered to the TITAN facility. Besides Ti, the delivered beam typically contained surface-ionized V, Cr, Mn and other lesser produced isobars.
At TITAN, the delivered beam was accumulated in a Radio-Frequency Quadrupole cooler and buncher (RFQ) [19] , which is a preparation trap filled with He gas for cooling. The RFQ can deliver cold bunched beam to the other research stations at TITAN: the MR-TOF-MS, MPET or an Electron Beam Ion Trap charge breeder (EBIT) [20] . This latter unit was bypassed in this experiment. The RFQ can also receive stable beams from TITAN's surface ionization alkali source. An overview of the facility is shown in fig. 1 was cooled in the RFQ and sent in bunches to the MR-TOF-MS for preliminary characterization and mass measurement. Subsequently, in order to validate the mass values of the MR-TOF-MS calibrants, beam was sent from RFQ to MPET, which is a well established mass spectrometer capable of measuring to higher precision. Mass measurements of both the titanium ion and the chosen MR-TOF-MS calibrant were performed with MPET whenever yields allowed. In this experiment MPET and MR-TOF-MS operated independently, and the details of their measurement techniques are described as follows.
The MR-TOF-MS is a time-of-flight mass spectrometer, in which ions travel a long flight path in a compact setup. The TITAN MR-TOF-MS is able to achieve 10 −7 level of accuracy, and similar systems are in operation at ISOLTRAP [21] , RIKEN [22] and FRS at GSI [23] . The TITAN device is based on an established concept from the group at the University of Gießen [24, 25] and is mainly composed of a series of RFQs and RF traps for ion preparation and transport, a time-of-flight mass analyzer and a Micro-Channel Plates (MCP) detector for time-of-flight measurement.
Beam delivered from the TITAN RFQ was captured in the input RFQ of the MR-TOF-MS and transported to the injection trap system, where it went through another stage of buffer gas cooling. The ions were then injected into the mass analyzer, where ion bunches are reflected multiple times between a pair of electrostatic mirrors [26] to provide time-of-flight separation. Inside the mass analyzer, a mass-range-selector [23] was used to deflect any particle outside the desired mass window.
All MR-TOF-MS mass measurements for this experiment were done with 512 isochronous turns plus one time-focusing shift turn inside the analyzer for the ions of interest. The time-focusing shift turn [27] was done to adjust the time-focus of the ion bunches to the MCP. The total length of the duty cycle was 20 ms. A peak width of about 17 ns was achieved after times-of-flight of about 7.4 ms, corresponding to a mass resolving power of ≈ 220 000.
At every mass unit, two measurements were taken: one with the TRILIS lasers switched on and one with the lasers off. This allowed a clear identification of the corresponding Ti peaks in the spectra, as can be seen in figure 2 . The time-of-flight spectra were corrected for temperature drifts and instabilities in the power supplies by using a time-dependent calibration. The peaks were fitted and atomic masses M a were calculated using
with m e the rest mass of the electron, q the charge state of the ion, and t ion the fitted time-of-flight centroid of the ion of interest. C is a calibration factor obtained by the mass and time-of-flight of the reference ion, while t 0 is a small time offset, constant for all measurements and determined from a single turn spectrum using 39 K + and 41 K + , prior to the experiment. The uncertainty of the MR-TOF-MS measurements was determined from the statistical uncertainties, the peak forms, and from systematic uncertainties. Systematic contributions to uncertainty were evaluated to 3 · 10 −7 , which is dominated by the effects from voltage ringing, the uncertainty introduced by the time-dependent calibration, and the presence of overlapping peaks when applicable.
Unambiguous identification of titanium was possible in all beams delivered between A = 51 and 55 and their masses were successfully measured with the MR-TOF-MS. Chromium ions were largely present and were chosen as calibrants for all masses except for A = 51, in which vanadium was chosen as a more suitable calibrant. 2. This typical MR-TOF-MS spectrum shows how the identification of titanium peaks was confirmed by turning off the TRILIS lasers. Then, only surface ionized species were delivered to TITAN, causing a sizeable reduction only in Ti yields. In this spectrum, the mass of 54 Ti was determined using the more intense 54 Cr as calibrant. Red curves are fits to the data peaks.
MPET is a precision Penning trap mass spectrometer dedicated to measuring masses of short-lived unstable isotopes and capable of reaching a 10 −9 level of accuracy [15] . When MPET was used, beam was transported from the RFQ to MPET and injected into the center of the trap, one ion per bunch on average. Ions were prepared for measurement by exciting them onto magnetron motion through the application of a dipolar RF field [28] . The major contaminant ions, previously identified through the MR-TOF-MS spectra, were removed through dipolar excitation of the reduced cyclotron motion [28] . The total in-trap ion preparation time was between 60 ms and 70 ms.
The mass measurement is done through the measurement of the ion's cyclotron frequency inside the magnetic field, given by ν c = q e B/(2πM ), in which q e is the charge of the ion, B is the strength of the homogeneous magnetic field and M is the mass of the ion. The procedure employs the well established Time-of-Flight Ion Cyclotron Resonance technique (ToF-ICR) [29] to measure ν c . Both standard and Ramsey [30] excitation schemes were employed in this experiment, total ToF-ICR excitation times ranged from 100 to 250 ms.
Every ν c measurement of the ions of interest was interleaved by a ν c,ref measurement of a reference 39 K + ion, to calibrate the magnetic field and to account for other possible time-dependent variations during the measurement. The atomic mass M a of the species of interest is calculated from the atomic mass of the reference ion M a,ref and the ratio between their cyclotron frequencies:
We performed mass measurements of 51−53 Ti + and the MR-TOF-MS calibrants 51 V + and 52−54 Cr + using MPET. For beams of A = 54 and 55, titanium yields were not high enough to perform a mass measurement. To characterize any systematic mass-dependent effects, we performed a mass measurement of 85 Rb + , obtained from TITAN's stable ion source. Those were evaluated to be smaller than 1.5 · 10 −8 among the masses of interest, which was included in the error budget. Other known systematic effects [15, 31] were evaluated and found to be negligible.
All ion species relevant to this publication were in a singly charged state, therefore all atomic mass calculations presented account for only one electron removed. Electron binding energies for the studied cases are negligible. Results of all mass measurements performed with MPET and MR-TOF-MS are presented in table I, which agree with the Atomic Mass Evaluation of 2016 (AME16) [12] recommended values within 1.5σ. Ti mass excesses are compared against the AME16 values in figure 3 . The independent measurements of both spectrometers agree well and were added in quadrature.
These measurements bring the fine structure of the nuclear mass landscape of the Ti chain to the scale of a few tens of keV. In figure 4(a) , titanium binding energies are compared:
, where M n,p are the neutron and proton rest masses, respectively. Two "derivatives" of the mass landscape are presented in the next two panels: fig. 4(b) presents the two-neutron separation energies (N, Z) ; and panel (c) of same figure shows the empirical neutron-shell gaps ∆ 2n (N, Z) = S 2n (N, Z) − S 2n (N + 2, Z), through which shell structures seen in S 2n are brought into relief. The well-known N = 28 shell closure is easily recognized through the sharp features at S 2n and ∆ 2n around 50 Ti. Similar but less pronounced characteristics can be seen around 54 Ti, corresponding to the N = 32 shell. With TITAN data, the empirical neutron-shell gap at 54 Ti has changed from 2.45(17) MeV to 2.70(12) MeV, with the mass of 56 Ti now the largest source of uncertainty. In general circumstances, this value is no strong indication of a shell closure since the ∆ 2n no-shell baseline is approximately 2 MeV in this region. The existence of a special pattern at titanium comes from looking at the ∆ 2n systematics with the nearby elements, seen in Fig. 5 . It is evident that titanium is at a transition point between V, which shows no signature of an N = 32 shell closure, and the strong closure seen for Sc and Ca.
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To investigate how well our understanding of nuclear forces can describe the local behaviors, we compared our data to the results of state-of-the-art ab-initio nuclear structure calculations, shown in Fig. 4 , based on several nuclear interactions from the recent literature. In particular, we applied the Multi-Reference In-Medium Similarity Renormalization Group (MR-IMSRG) [32] [33] [34] , the Valence-Space (VS-) IMSRG [35] [36] [37] [38] , and the selfconsistent Gorkov-Greens Function (GGF) [39] [40] [41] [42] approaches.
All calculations were performed with two-(NN) and three-nucleon (3N) interactions [43] based on the chiral effective field theory [44, 45] with parameters adjusted typically to the lightest systems (A = 2, 3, 4) as the only input. In particular, we compare results obtained with the 1.8/2.0(EM), the N 2 LO sat and the NN+3N(lnl) interactions. The 1.8/2.0(EM) interaction [46] [47] [48] combines an SRG-evolved [49] next-to-next-to-next-to-leading order (N3LO) chiral NN potential [50] with a next-tonext-to-leading order (N2LO) non-renormalized chiral 3N force. The N 2 LO sat interaction [51] has NN and 3N terms fitted simultaneously to properties of A = 2, 3, 4 nuclei as well as to selected systems up to 24 O. The NN+3N(lnl), applied for the first time in this paper, is a variant of the NN+3N(400) interaction [52] . It uses both local and non-local 3N regulators (lnl) and refits 3N parameters to A = 2, 3, 4 nuclei under a constraint that the contact interactions remain repulsive. The many-body calculations were performed in a harmonic oscillator basis of 14 major shells, with 3N interactions restricted to basis states with e 1 + e 2 + e 3 ≤ e 3max = 16, where e = 2n + l.
As seen in Fig. 4 , all approaches were able to predict signatures of shell closures at N = 28 and N = 32, although the strength of the neutron shell gap is systematically overpredicted in almost all cases. The calculations with the 1.8/2.0(EM) interaction provide the best description of the Ti data, with masses overbound by only ≈ 3.0 MeV, and the neutron shell gaps are closest to the experimentally observed values. The results with the NN+3N(lnl) interaction are also in good agreement with data, though it should be noted that the second order truncation currently employed in GGF calculations results in less total binding energy (typically 10-15 MeV for mid-mass nuclei) compared to more advanced truncation schemes [53] . The N 2 LO sat interaction used in the GGF and MR-IMSRG calculations performs well for radii and charge distributions, but here it is found to overpredict the N = 28 gap compared to 1.8/2.0(EM) and NN+3N(lnl).
Finally, since the VS-IMSRG can access all nuclei in this region, we have employed the 1.8/2.0(EM) interaction to study shell evolution across the known extremes of the N = 32 shell closure, at Ca (where it is strongest) and V (where it is totally quenched) isotopic chains, as shown in Fig. 5 . First, we see that the calculations provide an excellent description of neutron shell evolution at N = 28; and, while there is a general overprediction of the neutron shell gap at N = 32, the trends from N = 28 to N = 32 are mostly reproduced. In con- show remarkable overall agreement, but overpredict the extent of the N = 32 shell closure towards heavier isotones. Data (points) were calculated from AME16 [12] values, red data points also include the measurements reported in this work. Unconnected dashed lines in Sc chain are guides to the eye. Each isotopic chain was shifted by a multiple of 3.5 MeV for clarity.
trast, calculated shell gaps in titanium steeply rise from N = 30 to N = 32 compared to experiment, indicating that the N = 32 closure is predicted to arise too early towards calcium. While the origin of this discrepancy is not completely clear, we note that generally signatures of shell closures, such as first excited 2 + energies and neutron shell gaps, are often modestly overestimated by VS-IMSRG [48] . From direct comparisons with coupled cluster theory [54] , it is expected that some controlled approximation to include three-body operators in the VS-IMSRG will improve such predictions in magic nuclei and possibly this discrepancy in titanium as well.
In summary, precision mass measurements performed with TITAN's Penning trap and multiple-reflection timeof-flight mass spectrometers on neutron-rich titanium isotopes were able to narrow down the evolution of the N = 32 shell and its abrupt quenching. Although calculations from ab-initio theories perform well in this region, our data provide fine information on where they can currently be improved. These results also highlight the scientific capabilities of the new TITAN MR-TOF-MS, whose sensitivity enables probing much rarer species with competitive precision.
